The virulence determinants for highly pathogenic avian influenza viruses (AIVs) are considered multigenic, although the best characterized virulence factor is the hemagglutinin (HA) cleavage site. The capability of influenza viruses to reassort gene segments is one potential way for new viruses to emerge with different virulence characteristics. To evaluate the role of other gene segments in virulence, we used reverse genetics to generate two H5N1 recombinant viruses with differing pathogenicity in chickens. Single-gene reassortants were used to determine which viral genes contribute to the altered virulence. Exchange of the PB1, PB2, and NP genes impacted replication of the reassortant viruses while also affecting the expression of specific host genes. Disruption of the parental virus' functional polymerase complexes by exchanging PB1 or PB2 genes decreased viral replication in tissues and consequently the pathogenicity of the viruses. In contrast, exchanging the NP gene greatly increased viral replication and expanded tissue tropism, thus resulting in decreased mean death times. Infection with the NP reassortant virus also resulted in the upregulation of gamma interferon and inducible nitric oxide synthase gene expression. In addition to the impact of PB1, PB2, and NP on viral replication, the HA, NS, and M genes also contributed to the pathogenesis of the reassortant viruses. While the pathogenesis of AIVs in chickens is clearly dependent on the interaction of multiple gene products, we have shown that single-gene reassortment events are sufficient to alter the virulence of AIVs in chickens.
The eight-segment negative-sense single-strand RNA genome of influenza A viruses provides for the possibility of genetic reassortment between different influenza viruses that contributes to the natural evolution of these viruses. Wild aquatic birds are known to be natural reservoirs for avian influenza viruses (AIVs) (58) , and coinfection of these avian hosts occurs commonly (49) . Live poultry markets, where many birds of different species share close quarters, can also contribute to the reassortment between different influenza viruses because of the potential for dual infection.
Reassortment of one or more viral gene segments can lead to attenuation and plays a major role for influenza viruses when crossing host barriers (13, 33, 51, 56) . Just as reassortment can lead to attenuation, the converse is also true, and the emergence of viruses with increased pathogenicity or increased host range was an important occurrence in past outbreaks and is also likely in future outbreaks. Of particular interest is the role of reassortment in past human influenza outbreaks in which avian gene segments reassorted with human viruses, resulting in the pandemic outbreaks of 1957 and the pandemic outbreak of 1968, in which avian hemagglutinin (HA), NA, and PB1 genes and HA and PB1 avian genes, respectively, underwent reassortment with circulating human viruses (29, 46) .
The host tropism and pathogenicity of influenza viruses are considered to be multigenic, and the primary virulence factor is the presence of multiple basic amino acids or the insertion of amino acids at the HA cleavage site (8, 9, 25, 47) . Reverse genetic techniques and classical reassortment studies have elucidated several genes and specific mutations as being important contributors in host range determination and the pathogenicity of influenza viruses in mammals. In addition to the HA cleavage site, a lysine residue at amino acid 627 in PB2 has been found in most influenza viruses pathogenic to humans and also influences virulence in mice (22, 36, 50, 54, 55) . The alternate splice product of the PB1 gene, PB1-F2, has also been linked to the increased virulence of the 1918 virus in mice (14) . PA and NS1 have also been shown to contribute to pathogenicity for mice, and NS1 also influences the pathogenicity of influenza viruses in pigs (16, 32, 45, 48, 52) .
Despite what is known about the virulence of influenza viruses in mammals, the role of the genes important for host tropism and the virulence of AIVs in avian species remains largely undetermined. Currently, pathogenesis studies of AIVs in chickens clearly indicate that the proteolytic cleavage site of HA (22, 25, 27) and changes in the NS1 protein (11, 33) are important determinants of virulence. Recently it was reported that PA and PB1 gene mutations were responsible for differences between nonpathogenic and highly pathogenic viral clones in ducks (26) , and mixtures of polymerase components from different viruses have been found to lead to the attenuation of AIVs in chickens (43) . However, the K627 mutation of PB2, important for virulence in mammals, does not seem to influence AIV virulence in avian cell lines (31) .
In this study, we used reverse genetics to generate two H5N1 AI recombinant viruses with different pathogenicity levels in chickens. Single-gene reassortant viruses were generated in order to better understand the role of gene reassortment events as a way of generating variant AIVs and to study the role of each gene segment in viral pathogenicity in chickens. Our results indicate that the HA, NS, NP, and M2 proteins are important contributing factors in the increased virulence of our reassortant viruses in chickens. Three genes, PB1, PB2, and NP, impacted replication of the reassortant viruses, emphasizing the importance of these proteins in the replication process. In addition, infection with the reassortant viruses affected host gene expression levels of alpha interferon (IFN-␣), the orthomyxovirus resistance gene 1 (Mx1), IFN-␥, and/or inducible nitric oxide synthase (iNOS), suggesting that the regulation of host genes may contribute to the differences in replication observed in chickens.
MATERIALS AND METHODS

Generation of infectious reassortant viruses.
Two high-pathogenicity recombinant H5N1 AIVs were derived from A/Egret/Hong Kong/757.2/02 and A/Chicken/Indonesia/7/03 as follows and are referred to as rEgret and rIndo, respectively. RNA was extracted from virus stocks of the wild-type viruses, after propagation in embryonating chicken eggs (ECEs), using Trizol LS (Invitrogen, Inc., Carlsbad, CA) according to the manufacturer's instructions. Transcription and expression plasmids were constructed as previously described (38) . 293T cells were transfected with 1 g of each of the eight transcription and four protein expression plasmids and 11 l of Lipofectamine 2000 (Invitrogen) in a 2-ml volume of OptiMEM I (Invitrogen). Cells were washed after 4 h at 37°C, and medium was replaced with Dulbecco's modified Eagle medium I supplemented with 10% fetal bovine serum (Invitrogen) for 72 h. ECEs were inoculated with 100 l of the cell supernatant. Virus was harvested from the allantoic fluid of eggs 36 to 48 h after inoculation and titrated in ECEs. Titration end points were calculated by the method of Reed and Muench (42) . In addition to the reconstitution of the parental strains by reverse genetics, six single-gene reassortants containing one of the rEgret genes were produced in the rIndo background. All experiments using HPAI H5N1 viruses were conducted using biosafety level 3 Ag (BSL-3 Ag) containment at SEPRL, USDA, in Athens, GA (5) .
Sequencing of influenza virus genes. Genes from the rescued viruses were sequenced to confirm the reassortment. Viral RNA was extracted from infectious allantoic fluid from ECEs using Trizol LS reagent (Invitrogen). Gene sequences were obtained by reverse transcription (RT)-PCR by use of a Qiagen One-Step RT-PCR kit (Qiagen, Valencia, CA) using specific primers for each influenza virus gene. The primer sequences and RT-PCR conditions used are available upon request. PCR products were extracted from agarose gels, using a GenScript QuickClean gel extraction kit (GenScript, Piscataway, NJ). An ABI BigDye Terminator version 1.1 sequencing kit (Applied Biosystems, Foster City, CA) run on a 3730xl DNA analyzer (Applied Biosystems) was used for sequencing PCR products. The MegAlign program (Lasergene 7.1; DNAStar, Madison, WI) was used to compare nucleotide sequences, using the Clustal W alignment algorithm.
In vivo characterization of reassortant viruses. In order to determine the pathogenic phenotypes of the reassortant viruses in chickens, 2-week-old specificpathogen-free White Leghorn chickens (Gallus gallus domesticus) (from SEPRL in-house flocks) were inoculated intranasally (IN) with the reassortant viruses and evaluated for clinical signs for 10 days. The birds were housed in selfcontained isolation cabinets that were ventilated under negative pressure with HEPA-filtered air and maintained under continuous lighting. The birds had ad libitum access to feed and water. Each group, containing 11 birds, was inoculated IN with 0.1 ml of an inoculum containing 10 6 50% egg infective doses (EID 50 )/ml of one of the viruses. Three birds from each group were euthanized and necropsied at 2 days postinoculation (dpi). Gross lesions were recorded, and tissue samples (lung, spleen, and brain) were collected separately from two birds for virus isolation. Lung, bursa, kidney, adrenal gland, gonad, thymus, thyroid, brain, liver, heart, ventriculus, pancreas, intestine, spleen, trachea, and thigh muscle specimens were collected in 10% neutral buffered formalin solution from the same birds. Sample birds, moribund birds, and all birds remaining at the end of a 10-day period were humanely euthanized. Mean death time (MDT) was calculated by determining the sum of the day of death for the chickens and dividing it by the total number of dead chickens.
Virus isolation and titrations. Portions of the spleens, lungs, and brains from two birds per group were collected at 2 dpi in brain heart infusion medium (BHI) (BD Bioscience, Sparks, MD) and stored frozen at Ϫ70°C. Titers of infectious virus were determined as follows. Tissues were homogenized (10% [wt/vol]) and diluted in BHI. One hundred microliters of the homogenate dilutions was inoculated into the allantoic cavity of ECEs. Titration end points were calculated by the method of Reed and Muench (42) (n ϭ 2). The threshold of detection was 10 2.4 EID 50 /g from tissues.
Histopathology and immunohistochemistry. Collected tissues fixed by submersion in 10% neutral buffered formalin were routinely processed and embedded in paraffin. Sections were made at 5 m and were stained with hematoxylin and eosin. A duplicate 4-m section was immunohistochemically stained by first microwaving the sections in antigen retrieval citra solution (BioGenex, San Ramon, CA) for antigen exposure. A 1:2,000 dilution of a mouse-derived monoclonal antibody (P13C11) specific for a type A influenza virus nucleoprotein (developed at Southeast Poultry Research Laboratory, USDA) was applied and allowed to incubate for 2 h at 37°C. The primary antibody was then detected by the application of biotinylated goat anti-mouse immunoglobulin G secondary antibody using a biotin-streptavidin detection system (supersensitive multilink immunodetection system; BioGenex). Fast Red TR (BioGenex) served as the substrate chromogen, and hematoxylin was used as a counterstain. All tissues were systematically screened for microscopic lesions.
Total cellular RNA isolation. Total cellular RNA for the evaluation of gene expression was prepared from spleen or lung tissues of chickens collected at 2 dpi. Tissue samples were homogenized in 3 ml minimal essential medium, Alpha 1ϫ (Invitrogen), by passing the tissues through 100-m cell strainers (BD Bioscience, Sparks, MD), added to 6 ml Trizol, inverted, and stored at Ϫ80°C. Chloroform (1.2 ml) was added and spun, and the aqueous phase was added to an equal volume of 70% ethanol. A Qiagen RNA midiprep kit (Qiagen) was used to isolate the RNA from the aqueous phase-ethanol solution.
Semiquantitative analysis of mRNA gene expression. RT-PCR was carried out using a Qiagen OneStep PCR kit (Qiagen) according to the manufacturer's instructions, using 100 ng of pooled cellular RNA per group (33.3 ng of total RNA from three chickens per group) for each infected group 2 dpi in a 25-l reaction volume (n ϭ 1). The primers for IFN-␣ and ␤-actin were previously described (60) . The IFN-␥, Mx1, and iNOS primers were designed using nucleotide sequences from NCBI GenBank and are available upon request. ␤-actin served as an amplification and loading control. DNA was visualized by ethidium bromide gel electrophoresis using an EDAS 290 imaging station (Kodak, New Haven, CT). Band intensities were analyzed using Kodak 1D version 3.6.1 imaging software (Kodak). Band intensity values for each tissue were normalized to the ␤-actin values, and the values for control birds were arbitrarily set at 1.
Statistical analyses. Data were analyzed using Prism v.5.01 software (GraphPad Software, Inc., San Diego, CA), and values are expressed as the mean Ϯ standard error of the mean. The Kaplan-Meier survival rate data were analyzed using the log rank test, and one-way analysis of variance with the Tukey-Kramer posttest was used to analyze MDTs. Statistical significance was set at a P value of Ͻ0.05.
RESULTS
Pathogenicity of the H5N1 recombinant viruses. The twoparent recombinant H5N1 viruses used in this study were derived from A/Chicken/Indonesia/7/03 and A/Egret/Hong Kong/ 757.2/02 using reverse genetics. Table 1 shows the comparison of the amino acid sequences of the resulting recombinant viruses, rIndo and rEgret. The recombinant viruses that we generated have a PA gene with the same amino acid sequence, but the remaining viral genes have amino acid sequence differences (see Table S1 in the supplemental material). When administered to chickens IN, the rIndo virus resulted in a mortality of 6 of 8 and an MDT of 6.1 days, while the rEgret virus resulted in a higher mortality (8 of 8) and a shorter MDT (3.25 days) ( Table 2 ). MDTs (Table 2 ) and survival rates were significantly different (P Ͻ 0.05) upon infection with rIndo and rEgret compared to the control group and also to each other (Fig.  1A ). Chickens inoculated with rEgret presented histological lesions in tissues, which included diffuse interstitial pneumonia in the lung, moderate tracheitis, multifocal splenic necrosis, moderate cardiac degeneration, and multifocal nonsupurative encephalitis among others ( Fig. 2 ; Table 3 ). AIV antigen was present in blood vessel endothelial cells in most tissues, tissue macrophages, cardiac and skeletal muscle myocytes, neurons and glial cells in the brain, pancreatic acinar cells, respiratory epithelia of the trachea, and adrenal corticotrophic cells. In contrast, chickens inoculated with rIndo presented lesions only in the trachea and lungs, and viral antigen was primarily detected in the cells of these tissues and infrequently in the liver, spleen, and brain (Table 3) . Virus titers in the lung tissue show that the rEgret virus had slightly higher titers than the rIndo virus, although there was variation in the rIndo virus titers (Fig.  3) .
The expression levels of four different immune-related genes in spleen and lung tissues were compared 2 days after challenge with the different recombinant viruses (Fig. 4 
and 5).
Infection with the rEgret virus resulted in increased expression of IFN-␣, IFN-␥, iNOS, and Mx1 in the infected chicken spleen tissues, but in the lung tissues, Mx1 was only slightly upregulated compared to the controls. Only IFN-␣ gene expression, in both tissues, was upregulated upon infection with rIndo compared to the control. These data suggest that the recom-FIG. 1. Survival after IN inoculation with the reassortant viruses. Two-week-old chickens were inoculated with 0.1 ml of an inoculum containing 10 6 EID 50 /ml of the reassortant viruses, and mortality was monitored for 10 days. Parent virus and control survival analysis (A) and reassortant virus survival analysis (B). All groups are statistically different from rEgret and rIndo/rEgret NP (P Ͻ 0.05) as determined by the log rank test. Explanation of footnotes in figure key: a, survival is significantly different from the control group and also from the rEgret group; b, survival is significantly different from all groups and the control group; c, survival is significantly different from the control group but not the rIndo group; d, survival is not significantly different from the control group or the rIndo group; e, survival is significantly different from the rIndo group but not the control group. binants induce different host responses and/or are able to differentially suppress host gene response.
Six single-gene reassortants containing one of the rEgret HA, PB2, PB1, NS, NP, or M genes were generated in the rIndo background. We were unable to generate the rIndo/ rEgret NA reassortant due to the limited replication of this reassortant virus in 293T cells or ECEs. The rest of the reassortant viruses grew to high titers in ECEs (Ն10 6.6 EID 50 /ml). Inoculation with the single-gene reassortant viruses resulted in variable morbidity, mortality, and MDTs (Table 2 ; Fig. 1 ). The effect of the single-gene reassortments on pathogenicity of the viruses in chickens is discussed below.
Exchange of the HA gene resulted in increased mortality, expanded tissue range, and differential host gene expression levels. The HA genes of both our H5N1 recombinant parent viruses contain identical multiple basic amino acid motifs adjacent to the HA0 cleavage site. However, there were 11 other amino acid differences outside of the cleavage site of the HA gene (Table 1) . In order to evaluate the contribution of the HA gene in the pathogenesis of these viruses, we exchanged the HA gene of the rIndo virus with the rEgret virus HA gene. The resulting virus, referred to as rIndo/rEgret HA, resulted in increased mortality (8 of 8) over the rIndo parent virus (6 of 8). Exchange of the HA gene resulted in MDTs and survival rates that were not significantly different from those of the rIndo group (Fig. 1B) . However, viral antigen staining of tissues from infected birds showed the presence of the virus in many organs, with an expanded tissue range with immunohistochemical staining for AIV in the heart, thymus, kidney, and pancreas (Table 3) . Virus titers in the spleen, lung, and brain tissues, which had immunohistochemistry results comparable to those of rIndo, showed that rIndo/rEgret HA had titers similar to those of the rIndo parent virus in those tissues (Fig. 3) . mRNA expression levels of the immune-related genes showed that rIndo/rEgret HA virus infection induced gene expression of IFN-␥ and Mx1 in the spleen at levels similar to those of the rEgret parent virus (Fig. 4) . Expression levels of IFN-␣ and iNOS in spleen tissue were more similar to the expression levels of the controls. Gene expression in lung tissue showed only increased expression levels of Mx1 over those of the rIndo and rEgret parent viruses upon infection with rIndo/rEgret HA (Fig. 5) .
Exchange of the NS gene increases mortality and the tissue range of the reassortant virus. Our recombinant viruses, rIndo and rEgret, have 9 amino acid sequence differences in NS1 and 1 difference in the NS2 protein ( Table 1) . Exchange of the NS gene resulted in increased mortality (8 of 8) compared to the rIndo parent (6 of 8) ( Table 2) . Infection with rIndo/rEgret NS did not result in a significant difference in MDT (Table 2) or survival rate (Fig. 1 ) compared to the rIndo parent. Viral antigen distribution in tissues was expanded and differed from the distribution of the parent rIndo virus among tissues and was more similar to the rIndo/rEgret HA virus distribution (Table 3) . Exchange of the NS gene did not result in a repli- cation advantage in spleen and lung tissues, as the virus titers remained at the rIndo parent levels (Fig. 3) . Titers of rIndo/ rEgret NS in brain tissue were slightly elevated over those of rIndo and rEgret. Expression of IFN-␣ was less than that of the rIndo virus in both spleen and lung tissues, while iNOS expression levels were similar to the control levels in both tissues ( Fig. 4 and 5) . IFN-␥ could not be detected in lung tissue, and levels in spleen tissue were similar to the rIndo parent levels. Only the Mx1 gene expression levels were increased over those of rIndo in both spleen and lung tissues. The M2 protein contributes to the expanded tissue range of the reassortant virus. The rIndo and rEgret viruses share identical M1 protein sequences but differ in three amino acids in the M2 spliced gene product (Table 1) . Therefore, the changes in pathogenicity that we saw when the M gene was exchanged are due to the differences in the M2 protein alone. Exchanging the M gene in rIndo led to increased mortality (8 of 8) compared to the rIndo parent virus (6 of 8) ( Table 2 ) and expanded distribution of viral antigen in tissues (Table 3) . Virus titers of the rIndo/rEgret M virus in spleen tissue remained just above the detection limit. Titers in lung tissue were lower than the rIndo titers, and titers in brain tissue were at the level of rEgret and rIndo despite the lack of viral antigen staining in the brain tissue of rIndo/rEgret M-infected chickens (Fig. 3) . The MDT of rIndo/rEgret M-infected chickens was not significantly different from either rIndo or rEgret infection (Table 2) , and the survival rates were also not significantly different from infection with the rIndo parent (Fig. 1B) . Despite the altered pathogenesis observed with rIndo/rEgret M infection, mRNA gene expression in the spleen tissue of infected chickens 2 dpi did not differ greatly from the expression in chickens infected with the rIndo parent virus. Gene expression of Mx1 and IFN-␣ in lung tissue showed slight upregulation over levels in chickens with rIndo infection (Fig. 5) .
The nucleoprotein is important for viral replication and pathogenicity of the reassortant virus. There are five amino acid differences in the NP protein between the rIndo and rEgret viruses ( Table 1 ). The exchange of the NP gene resulted FIG. 3 . Virus titers in spleen, lung, and brain tissues. Tissues were taken 2 dpi and homogenized to a 10% (wt/vol) final concentration in BHI medium. A portion (100 l) of 10-fold dilutions of the homogenates was inoculated into 10-day-old ECEs, and log 10 EID 50 /g was calculated. Values are the mean Ϯ standard error (n ϭ 2) with the exception of the rIndo/rEgret PB1 lung titer (n ϭ 1). The threshold of detection is 2.4 log 10 EID 50 /gram of tissue. 
a Tissues were taken 2 dpi and were immunohistochemically stained with antibodies to AIV nucleoprotein to visualize the viral antigen. b Lesions were scored as follows: Ϫ, no lesions; ϩ, mild; ϩϩ, moderate; ϩϩϩ, severe lesions. The intensity of viral antigen staining in each section was scored as follows: Ϫ, no antigen staining; ϩ, infrequent; ϩϩ, common; ϩϩϩ, widespread staining.
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in an increase in mortality (8 of 8) compared to the rIndo parent (Table 2) . A significant decrease in MDT (2.3 days) over the rIndo parent infection (6.1 days) was seen; however, there was no significant difference in MDT compared to the rEgret parent (Table 2) . Survival rates of birds infected with rIndo/rEgret NP were significantly different than the survival rates of all other groups, including rEgret (Fig. 1) . Infection with the rIndo/rEgret NP virus also greatly increased viral antigen staining in nearly all tissues tested at 2 dpi (Table 3 ; Fig. 2 ). Titers from rIndo/rEgret NP-infected tissues demonstrate that the replication advantage conferred by the exchange of the NP gene resulted in increased viral titers in spleen, lung, and brain tissues compared to all of the other viruses tested (Fig. 3) . IFN-␣ mRNA expression levels were similar to those of the rIndo parent virus in both spleen and lung tissues, but there was a sharp increase in IFN-␥ and iNOS as well as a slight upregulation of Mx1 expression in both tissues compared to gene expression resulting from infection with the rIndo parent ( Fig. 4 and 5) . PB1 or PB2 exchange results in decreased replication and pathogenicity of the reassortant viruses. When either the rEgret PB2 gene or PB1 gene was exchanged in the rIndo virus, a decrease in mortality (3 of 8 and 2 of 8, respectively) was seen compared to infection with rIndo (6 of 8) ( Table 2 ). The two viruses differed by 5 amino acids in the PB1 and 1 amino acid in the PB1-F2 protein, and the PB2 proteins differed by 10 amino acids (Table 1 ). The MDTs of both viruses were not significantly different from that of the rIndo parent virus (Fig.  1) . The survival rate of birds infected with rIndo/rEgret PB2 and PB1 viruses was not different from the control group survival rate, but survival of birds infected with rIndo/rEgret PB1 was also different from the rIndo parent survival rate (Fig.  1) .
Viral replication was minimal and was consistent with viral antigen staining. Viral titers were very low with rIndo/rEgret PB2 infection, slightly above the threshold of detection in spleen and lung tissues and at the threshold for brain tissue. The rIndo/rEgret PB1 virus titers were at, or below, the threshold of detection in all three tissues (Fig. 3) . Infection with rIndo/rEgret PB1 also resulted in decreased mRNA expression of several immune-related genes compared to rIndo infection (Fig. 4 and 5) , most notably Mx1 in lung and brain tissues and iNOS in spleen tissue. Infection with rIndo/rEgret PB1 resulted in increased IFN-␣ gene expression levels in lung tissue (Fig. 5) but not in spleen tissue (Fig. 4) . Both rIndo/rEgret PB2 and rIndo/rEgret PB1 infection resulted in a marked downregulation of Mx1 in both spleen and lung tissues of infected chickens compared to the control expression levels. As with rIndo/rEgret PB1, rIndo/rEgret PB2 infection resulted in increased expression levels of IFN-␣ in lung tissue but remained FIG. 4 . Semiquantitative analysis of differential mRNA gene expression in the spleen tissue of chickens infected with AIV recombinants. Total cellular RNA was extracted from spleen tissue collected 2 dpi from three chickens. Equal amounts of RNA from the three chickens per group were pooled prior to RT-PCR analysis. Analysis of the pooled RNA was carried out using different primer sets with ␤-actin as an amplification and loading control (n ϭ 1). Bands were quantified, and intensities shown were normalized to the ␤-actin control. Gene expression of control birds was arbitrarily set to 1.
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at the same level as the rIndo parent virus in spleen tissue, as did the iNOS expression levels in both tissues (Fig. 4 and 5) . The PA gene was not reassorted because there were no amino acid differences between the two viruses.
DISCUSSION
The rIndo and rEgret viruses, although having a high sequence similarity (Ͼ91%) for all eight gene segments, had a marked difference in virulence levels in chickens. Using reverse genetics, a series of variant viruses differing by a single gene segment was created in order to explore the contribution of individual viral genes to viral pathogenesis in chickens. Unexpectedly, the reassortment of the NP gene resulted in the biggest differences in virulence and replication. Some increase in pathogenicity was seen with the exchange of the HA, NS, and M gene segments, while the PB1 and PB2 reassortants had impaired replication resulting in low virulence. Alterations in host gene expression in response to infection with the reassortant viruses suggest that the viruses use different mechanisms to evade host responses.
HA is known to be an important determinant in the virulence of AIV (9, 22, 47, 59 ). The HA genes of both H5N1 recombinant parent viruses contain the same multiple basic amino acid motif adjacent to the cleavage site. However, there were 11 other amino acid differences between viruses outside of the cleavage site of the HA gene, 5 of them localized in the receptor binding domain. The increased pathogenicity of the rIndo/rEgret HA virus over the rIndo parent may therefore be attributed to mutations outside of the multiple basic cleavage site, possibly in the receptor binding site.
Since we were not able to rescue the rIndo/rEgret NA reassortant, the role of NA could not be explored in this study. One possible reason may be that HA-NA incompatibility is responsible for inefficient replication of the rIndo/rEgret NA reassortant virus in 293T cells or ECEs. The HA and NA proteins of influenza work together to efficiently bind and release virus from the cells during replication, and it is known that HA-NA incompatibility can result in inefficient viral replication or aggregation on the cell (10, 44) . The importance of a balanced HA-NA relationship often results in the coevolution of NA along with changes in HA of influenza viruses to maintain a functional unit (34, 35, 57) . There is some evidence the common chicken-adapted NA stalk deletion may result in steric hindrance causing inefficient virus release (34) . The rIndo chicken AIV has a 20-amino-acid NA stalk deletion, while rEgret virus NA does not carry this deletion. The importance of possible HA-NA incompatibility warrants further study.
Previous studies have shown that the M gene from A/Mallard/78 attenuates the H3N2 human viruses in squirrel monkeys and humans (13, 56) . M has not previously been identified as an important virulence factor in pathogenesis in chickens. The matrix protein gene consists of spliced mRNA products encoding M1, an internal structural protein, and M2, an inte- FIG. 5 . Semiquantitative analysis of differential mRNA gene expression in lung tissue from chickens infected with AIV recombinants. Total cellular RNA was extracted from spleen and lung tissues from three chickens 2 dpi. Equal amounts of RNA from the three chickens per group were pooled prior to RT-PCR analysis. Analysis was carried out using different primer sets with ␤-actin as an amplification and loading control. Bands were quantified, and intensities shown were normalized to the ␤-actin control. Gene expression of control birds was arbitrarily set to 1. gral membrane ion-channel protein (58) . Our recombinant viruses have identical M1 protein sequences allowing us to further attribute that the increased pathogenicity was due to the three amino acid changes in the M2 sequence. The M2 ion-channel protein is thought to stabilize the HA proteins, especially H5 and H7 HA proteins with multiple basic cleavage sites, by maintaining the pH so that the conformation of HA into the low-pH form does not occur prematurely (12) . The mechanism by which rEgret M2 increases the pathogenicity of the rIndo virus may be the result of the increased stabilization of rIndo HA so that attachment and replication of the rIndo/ rEgret M virus are more efficient, therefore allowing the spread to a larger range of tissues than was seen with the viral antigen staining (Table 3) . However, viral replication data from lung and spleen tissues do not appear to support this explanation, as we did not see higher titers of rIndo/rEgret M than of rIndo in those tissues in infected chickens (Fig. 3) . However, titers were measured at only one time point and may not reflect titers throughout infection.
The effect of the M2 protein on virulence has been widely studied, as it relates to resistance to the antiviral drug amantadine, which blocks M2-ion channel activity (23) . One of these studies reported that the S31N mutation increased the virulence of the A/WSN/33 virus in mice as well as conferred amantadine resistance (1), and another study reported that the S31N mutation reduced the activity of A/Chicken/Germany/34 M2 (20) . Based on these previous studies, we expected that the rIndo virus containing an N at position 31 of M2 would result in a more virulent phenotype for chickens; however, that is not the case. When rEgret M2 with the reportedly less virulent S at position 31 replaced rIndo M2, the rIndo/rEgret M virus showed increased virulence and tissue distribution. It is possible that one of the other two amino acid changes in M2 has a greater contribution to virulence or that the other mutations suppress the S31N mutation in rIndo M2, resulting in a less virulent strain. The mechanism by which M2 increases the virulence of rIndo/rEgret M needs further exploration.
Influenza NP is important in the packaging of the viral RNA and has been shown to be involved in many aspects of viral replication (41) . Small interfering RNA against NP resulted in decreased viral replication in ECEs and in mice (18, 19) . It has previously been demonstrated that NP directly interacts with viral PB2, PB1, other viral NPs, and also other cellular factors (7, 41) . Previous studies have shown viral replication to be more efficient when the NP and polymerase genes are derived from the same virus, indicating viral replication requires the proper combination of genes to function properly (37, 43) . The NP gene has also been shown to be important for host range restriction for A/Mallard/78 or A/Pintail/Alberta/119/79 and has also been shown to attenuate the H3N2 human viruses in squirrel monkeys (13, 51, 56) . NP has not previously been identified as a sole virulence or replication factor in the pathogenesis of AI in chickens. We show here that the exchange of NP was sufficient to greatly increase replication, tissue tropism, and virulence and alter the expression of selected host genes in chickens. The mechanism by which NP increases virulence remains unclear. Our reassortant viruses have five differences in the NP amino acid sequence. One mutation, at position 22, spans both the RNA binding and PB2-1 binding domains of NP (41) . Three of the other mutations (positions 400, 406, and 423) are located in the overlapping regions of the NP-2 and PB2-3 binding domains, suggesting that it is either the NP or PB2 binding function that is resulting in the increased replication (41) . One possibility is that the altered NP-PB2 interaction of the rIndo/rEgret NP virus results in more efficient binding in the polymerase complex that aids increased replication, allowing the virus to spread more efficiently to all tissues, resulting in a more severe systemic disease.
PB1 has been shown to be associated with the high pathogenicity of some H5N1 viruses in ducks (26) , and the alternate splice product, PB1-F2, has been shown to be important in the virulence of human fatal case viruses in mice (14, 61) . PB2 has been shown to contribute to the virulence of AIV, with a lysine residue at amino acid 627 being linked to the increased virulence of H5N1 viruses (22) . Neither of our recombinant viruses has the lysine at amino acid 627 in PB2, suggesting that this residue is not important for pathogenesis in chickens. The polymerase complex (PA, PB2, and PB1) has been shown to work inefficiently when the components are derived from different host viruses (13, 31, 37, 45) , indicating that this relationship is vital to replication and that these proteins may adapt together to maintain functionality (39) . While both of the recombinant viruses that we used were avian in origin, some incompatibility may occur when the polymerase complex components are derived from two different parent viruses. Further studies will help determine the role of compatibility among the polymerase genes in viral replication.
In accordance with previous studies, we found that PB1 and PB2 are important for efficient virus replication (Table 3 ; Fig.  3 ). PB1 interacts with PB2, PA, and NP, and the multiple binding interactions may explain the lower titers of the rIndo/ rEgret PB1 virus. The PB1 gene of more than one human pandemic virus is known to be derived from avian viruses (29, 46) . None of the five amino acid differences are in known binding domains of PB1. For PB2, analysis of the binding domains of PB2 indicates that the NP, PB1, and cap-binding (24, 40) functions could be affected by the 105, 132, 221, 251, 389, or 394 amino acid changes that fall in those binding domains. Disrupting the functional polymerase complex unit is not favored for optimal replication efficiencies, as seen by the decreased distribution, decreased tissue staining, and decreased viral titers in tissues (Table 3 ; Fig. 3) .
Regulation of host gene expression may in part explain the mechanism used by some of the reassortant viruses to evade the host immune response. IFN-␣, a cytokine previously shown to have an antiviral effect on influenza viruses (33), was downregulated in both lung and spleen tissues infected by rIndo/ rEgret HA and rIndo/rEgret NS compared to the level in lung and spleen tissues infected by the rIndo parent (Fig. 3) . Downregulation of antiviral IFN-␣ may be one of the mechanisms that these viruses use to evade the host responses and may contribute to the increased replication of the viruses in tissues, leading to the increased viral antigen staining that we saw (Table 3) . Infection with rIndo/rEgret PB1 and rIndo/rEgret PB2 viruses resulted in upregulation of IFN-␣ in lung tissue (Fig. 5) . The increased IFN-␣ levels may explain why these reassortants do not show increased virulence and have decreased replication in tissues (Table 3 and virus. The D92E NS1 mutation has been shown to increase resistance to IFN in pigs (48) ; however, none of our recombinant viruses harbors this mutation. The fact that the replication of the rEgret and rIndo viruses in the spleen was not affected by IFN-␣ upregulation suggests it is one of many factors that the host can regulate to inhibit influenza infection. Upregulation of the Mx gene has been shown to increase with IFN-␣ expression, and there is some evidence that this may help combat influenza in mammals (17, 21) . In a chicken cell line, chicken Mx1 did not result in antiviral effects against influenza (6); however, it was later found that Mx1 is a polymorphic gene and that the Mx protein from different breeds of chickens can in fact have antiviral properties against influenza (30) . Our results indicate that Mx1 is strongly downregulated in the lungs and spleens of rIndo/rEgret PB1-and rIndo/rEgret PB2-infected chickens (Fig. 4 and 5 ), yet there is no replicative advantage in downregulating Mx1 for these viruses ( Fig. 3 ; Table 3 ). Therefore, Mx1 gene expression levels in the lung and spleen did not appear to correlate with the virulence of our recombinants in chickens and support previous findings that chicken Mx may not have antiviral activity in all chicken breeds (30) .
IFN-␥ has been shown to increase the secretion of reactive oxygen species such as nitric oxide (NO) (2, 4, 15, 28, 53) , and there is some evidence that NO has antiviral properties (3, 15, 28) . In the spleen, rEgret and rIndo/rEgret NP infection resulted in an increase in iNOS and IFN-␥ gene expression. However, only the rIndo/rEgret NP virus showed substantial viral replication in the spleen. The increased NO production may reflect the rapid replication of the rIndo/rEgret NP virus and the host's attempt to prevent the replication. The short MDTs and increased tissue lesions resulting from infection with these viruses may be due to the NO (Table 3 ; Fig. 2 ). In particular, rIndo/rEgret NP caused extremely short MDTs and massive replication of the virus in tissues (Table 2 and Fig. 3 ). The rIndo/rEgret NP virus not only increased IFN-␥ and iNOS expression in the spleen but was the only virus studied that upregulated these genes in the lungs as well, which also may explain in part the increased virulence of this strain in chickens.
In summary, the pathogenicity of AIVs is clearly due to a polygenic effect, and in this study, single-gene changes led to restriction or increased replication of AIVs in chickens. Reassortment events can result in a number of different gene combinations; however, we, and others, have shown that all possible combinations of genes in reassortant viruses are not necessarily viable. From the remaining viable gene reassortants, we were able to determine the effects of single-gene changes on the replication and pathogenesis of AIVs in chickens. While the precise role of chicken immune response factors is not clear, changes in the host gene expression of several genes involved in immunity are influenced by infection with the reassortant viruses and may be contributing factors in the pathogenicity of AIVs in chickens. Based on the results obtained in this study, the next step is to investigate the role of individual amino acids in each of the genes shown to affect AIV pathogenicity, as well as to continue exploring the effect of certain gene combinations.
